Nuclease colicins, such as colicin E9, are a class of Escherichia coli bacteriocins that kill E. coli and closely related Gram-negative bacteria through nucleolytic action in the cytoplasm. In order to accomplish this, their cytotoxic domains require transportation across two sets of membranes and the periplasmic space. Currently, little information is available concerning how the membrane translocation processes are achieved, and the present review summarizes our recent results on the in vitro membrane activities of the colicin nuclease domains. Using model membranes, we have analysed the cytotoxic domains of a number of DNase-type colicins and one rRNase colicin for their bilayer insertion depth and for their ability to induce vesicle aggregation, lipid mixing and increased bilayer permeability. We found that, by analogy with AMPs (antimicrobial peptides), the interplay between charge and hydrophobic character of the nuclease domains governs their pleiotropic membrane activities and these results form the basis of ongoing work to unravel the molecular mechanisms underlying their membrane translocation.
Introduction
How water-soluble folded protein domains cross biological membranes is a fascinating topic in eukaryotic and microbial cell biology. The C-terminal cytotoxic domains of nuclease colicins achieve OM (outer membrane) translocation through docking of the central receptor binding domain on to OM receptors and recruitment of porins, followed by protein-protein interactions of the N-terminal translocation domains with periplasmic and IM (inner membrane)-associated energy-transducing systems [1] [2] [3] [4] [5] [6] . The molecular mechanisms underlying the membrane translocation of the nuclease domains, however, are currently unclear.
In vitro studies on the membrane interactions of the colicin E9 and E3 nuclease domains has revealed significant structural destabilization as a result of their association with anionic lipids [7, 8] . More recently, the biological importance of electrostatic attraction in the nuclease membrane association was highlighted by data showing increased cell killing efficiency by DNase colicins carrying higher net positive charge, an effect which was more pronounced when a strain reduced in anionic PL (phospholipid) content was used [9] . Additionally, in planar lipid bilayer experiments, intrinsic channel-forming activity of the DNase colicins, but not the rRNase E3 has been demonstrated [10] . These DNaseinduced channel events are short-lived and not lethal, in contrast with those of pore-forming colicins such as colicin A, that kill sensitive Escherichia coli cells through depolarization of the IM.
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In order to gain insight into: (i) how the channel-forming activities of the DNase-type colicins are linked to their membrane translocation, (ii) why the rRNase E3 did not possess a similar activity, and (iii) how the physicochemical nature of the nucleases shapes their membrane activities, we have performed a detailed analysis of their membrane interactions using model membranes. In the present paper, we review our results, discuss the similarities with AMP (antimicrobial protein) action on membranes and, finally, consider a possible membrane-translocation mechanism for the nucleases.
Bilayer insertion depth of colicin nuclease domains: importance of hydrophobic character in addition to positive charge
Earlier work has demonstrated electrostatic targeting of the anionic membrane surface by the positively charged nuclease domains of colicins E3 and E9, through absence of membrane binding in the presence of neutral lipids or elevated salt concentrations [7, 8] . Using our model membranes consisting of LUVs (large unilamellar vesicles) composed of synthetic lipids mimicking the E. coli IM PL composition (75 mol% neutral PLs and 25 mol% negatively charged PLs) or made up from an E. coli PL extract, we have established that the nuclease domains (listed in Table 1 ) exhibit low micromolar membrane affinity, in addition to a mostly co-operative binding mode, with the exception of the DNase E8 [11] . Complex formation with the cognate immunity proteins abolished the nuclease membrane association, confirming earlier observations [8] .
In order to assess nuclease bilayer insertion depth, we replaced the neutral PLs with brominated PLs (at positions 6 and 7 or 11 and 12 along the acyl chain), whose bromine *DNase JB10 is an E9-based construct with two lysine residues (at positions 21 and 45) mutated to glutamate [9] . †Hydrophobicity is calculated according to Hessa et al. [39] where smaller values indicate larger hydrophobicity; other hydrophobicity scales show a similar trend [40] . ‡Percentage quenching of nuclease trytophan fluorescence by brominated lipids. The nuclease domains all contain two closely spaced tryptophan residues (located at positions 22 and 58 in the DNases and at positions 43 and 54 in the rRNase E3). Nucleases were incubated with LUVs at a P/L ratio of 1:150 in 10 mM potassium phosphate buffer (pH 7.5). S.E.M. values are derived from the averaging of a minimum of three independent experiments. N.Q. denotes no quenching.
atoms quench the fluorescence of nearby tryptophan residues [11] . Because the quenching is strictly distance-dependent, the amount of quenching gives an indication of the insertion depth of the protein segments containing the tryptophan residues [12] . The results of our experiments with brominated LUVs showed a large extent of tryptophan fluorescence quenching with both types of brominated LUVs for the rRNase E3, intermediate levels for the DNase E7 and small, but significant, amounts for the DNases JB10, E9 and E8 with LUVs brominated at positions 6 and 7 only ( Table 1 ). The intermediate and low levels of tryptophan fluorescence quenching for the DNases are an indication that their tryptophan residues reside in the interfacial region of the bilayer, a region often favoured by amphipathic helical regions of peripheral membrane proteins [13] . The observed differences in the quenching of their tryptophan fluorescence led us to arrange the DNases according to the classification by Cho and Stahelin [14] : DNase E8, superficial/interfacial; DNases JB10 and E9, interfacial; and DNase E7, interfacial/hydrocarbon core region. The high amounts of quenching experienced by the tryptophan residues of the rRNase E3 suggest that its tryptophan residues insert into the edge of the hydrophobic core of the bilayer. Inspection of the physicochemical properties of the nucleases (Table 1 ) reveals an apparent correlation between their hydrophobicity and the amount of quenching their tryptophan residues experience such that E3 E7 > E9 ≈ JB10 > E8. We cannot rule out, however, that the high net positive charge of the DNase E7 also contributes to its tryptophan residues inserting somewhat deeper than the other DNases. Similarly, a number of recent papers have commented on the balance between AMP hydrophobicity, positive charge distribution and amphipathicity determining their membrane insertion and ultimately their antimicrobial activity [15] [16] [17] . Our results on the differential insertion depth of the colicin nuclease domains could be relevant to their in vivo cellular uptake: deeper bilayer penetration may facilitate more efficient membrane translocation and may lead to greater killing efficiency.
Membrane activities of colicin nuclease domains

Vesicle aggregation precedes lipid mixing
Protein-induced membrane fusion consists of a number of phases, starting with close apposition of the bilayers which often results in vesicle aggregation and lipid mixing [18] . Our analysis of the nuclease-induced vesicle aggregation (synthetic PLs and E. coli extract) over a range of P/L ratios (protein/lipid ratios) (0.02 down to 0.002), demonstrated a concentration-dependent increase in vesicle aggregation by the DNase E7 and the rRNase E3, with similar efficiency for both types of LUVs (Figure 1 ). In contrast, the DNases E8 and E9, carrying a similar net positive charge as the rRNase E3 (Table 1) and therefore expected to neutralize the acidic lipids upon binding, did not induce LUV aggregation (Figure 1 ). These results suggest that, although the electrostatic attraction between the positively charged nucleases and the negatively charged membrane surface is important for the membrane association, the hydrophobic character of the nucleases clearly contributes to the vesicle aggregation process.
The vesicle aggregation results led us to explore the lipidmixing ability of the nucleases which we monitored using a FRET (fluorescence resonance energy transfer) assay based on the reduction of energy transfer as a result of the dilution of LUV-associated donor and acceptor probes [19] . We found that the two nucleases that had the highest LUV aggregative effect (the DNase E7 and the rRNase E3) were also most proficient in lipid mixing, the degree of which was similar for synthetic and E. coli PL LUVs [11] . It is likely that the inherent structural flexibility of the nucleases [20] contributes to their lipid mixing ability as has been shown for certain viral fusion proteins and AMPs [21, 22] . Although the overall
Figure 1 Effect of nuclease addition on LUV aggregation
Nuclease domains were added to a LUV suspension at a range of P/L ratios and the aggregation was monitored via measuring the absorbance ('OD') at 436 nm. Nuclease addition to synthetic and E. coli lipid LUVs is depicted by closed and open symbols respectively. DNases E7 (diamonds) and E9 (circles), and rRNase E3 (triangles) are shown. The DNases JB10 and E8 gave similar results to E9 and are omitted for clarity. Results are means ± S.E.M. for at least three independent experiments. amount of nuclease-induced lipid mixing was low, compared with bona fide fusion proteins, it demonstrates the profound impact that nuclease binding has on the organization of the lipid molecules in the bilayer, in a similar manner as has been demonstrated for AMPs [16, 23] .
Increased bilayer permeability
In order to examine the consequences of the documented channel-forming activities of the DNase-type colicins [10] , we analysed whether membrane association of the nuclease domains would lead to increased bilayer permeability using a dye leakage assay [11] . At a P/L ratio of 0.02, all nucleases induced dye leakage from the synthetic lipid LUVs, with the highest leakage observed for the DNase E7 and the rRNase E3 (Figure 2A) . Additionally, the nucleases also caused content leakage from the LUVs at a P/L ratio of 0.002 (Figure 2A) . The percentage leakage induced by the pore-forming colicin A was 5-fold higher, under identical conditions, suggesting that the nuclease colicins affect membrane integrity via a different mechanism [11] . A detailed investigation into the concentration-dependence of the observed leakage for the rRNase E3 and the DNase E7 showed a sigmoidal relationship with the concentration of the rRNase E3, but not the DNase E7 ( Figure 2B ). This suggests a different mode of action of the two nucleases in increasing bilayer permeability and could explain the absence of channel-forming activity of the rRNase E3 [10] . The E. coli lipid vesicles were more refractory to leakage than the synthetic lipid LUVs for both the nuclease and pore-forming colicins which reflects the importance of the membrane lipid composition [11] . The more pronounced vesicle content leakage by the E7 and E3 nucleases correlates very well with their increased ability to cause vesicle aggregation and lipid mixing and with their deeper bilayer insertion compared with the other nucleases. This emphasizes further the contribution of their hydrophobic character to their overall membrane activity.
The initial membrane targeting by the positively charged nucleases was predominantly electrostatically driven, since no nuclease membrane activities were observed in the presence of physiological salt concentrations [11] . A weak, but specific, interaction of the DNase E7 with neutral PLs, however, was detected (M. Vankemmelbeke, unpublished work), suggesting that its membrane activities, owing to its higher positive charge and increased hydrophobicity, could be less salt-sensitive than the other DNases. A similar scenario exists with AMPs where the salt effect in vitro can be negated by increasing the positive charge of the peptide [24] . Our data on the in vitro salt sensitivity of the nuclease membrane activities do not preclude their relevance for in vivo colicin activity, since local pH variations will affect the charge states of the nucleases and the membrane surface. Additionally, the specific biomembrane lipid composition, phase behaviour and microdomains with, for instance, a localized high negative charge density [25] , combined with the presence of membrane proteins, will also significantly influence the in vivo activities of peripheral membrane proteins such as the nuclease colicins.
Effect of AMPs on bacterial membranes
Common characteristics of AMPs
AMPs, small cationic peptides found in all forms of life with antibacterial activities and important roles in modulating the host defence response, are known to interact with and disrupt bacterial membranes as part of their biological activity [26] . However, there is evidence to indicate that this is not the sole basis of their bactericidal activity; many AMPs have additional intracellular targets [27, 28] . In the absence of significant sequence homology and with a wide range of secondary-structural elements, a number of common physicochemical characteristics predispose AMPs to interact with negatively charged biomembranes such as: (i) net positive charge, which allows for electrostatic attraction of the negatively charged membrane surface, (ii) amphipathic nature, which is crucial for their biological activity and selectivity, and (iii) hydrophobic character, which controls the extent of partitioning into the hydrophobic core region of the membrane [16] . The equilibrium between these three characteristics governs the final action of the AMPs on biomembranes [15, 29, 30] and equally determines the membrane activities of the nuclease colicins as we have outlined above.
Non-membranolytic models of AMP action offer insights into the membrane activities of colicin nuclease domains and suggest possible translocation mechanisms Many models have been proposed for the membrane insertion of AMPs and ensuing increased bilayer permeability, more recently with a stronger emphasis on the intrinsic behaviour and dynamic nature of the lipid molecules in biomembranes, especially in those cases where AMP insertion results in a transient membrane defect allowing the AMP access to its intracellular target [16] . A number of such models, e.g. 'aggregate channel', 'sinking-raft', lipid segregation, 'leaky-slit' and non-lamellar phase formation [16, 31] , are particularly attractive because of their potential to explain the transient increase in bilayer permeability also observed in the membrane interactions of the nuclease colicins. They are based on the preferential binding of charged AMPs to specific acidic lipids or lipid domains in the membrane which instigates curvature stress ('sinking-raft' model), the lateral separation of neutral and charged PLs (lipid segregation model), and even the induction of different lipid phase behaviour within the membrane (non-lamellar phase model) [16] . The temporary loss of membrane barrier function (for instance through phase boundary defects or modification of the lipid spatial arrangement) caused by these events not only explains the in vitro observed leakage or channel events of both AMPs and nuclease colicins, but could also provide a possible membrane translocation route, where, in the case of the nuclease colicins, an IM-associated translocase could hold the key to their cytoplasmic processing and biological activity [32, 33] .
Perspectives
Like AMPs, bacteriocins are showing enormous potential for biotechnological and biomedical applications [34] [35] [36] [37] [38] . For their successful exploitation, it is fundamental to gain insight into how they breach the bacterial membrane defence systems. Our work on the membrane activities of nuclease colicins addresses this and future research will consist of dynamic, topological and mechanistic investigations of their membrane translocation.
